Introduction and leading references
The following provides a brief introduction to the application of ozonolysis within academic labs. Ozonolysis remains among the most frequently used of methods for oxidative cleavage of alkenes. While best known as a means by which to introduce aldehydes and ketones, ozonolysis can also be used to generate other functional groups. An overview of some of the most common ozonolysis transformations illustrated in Figure 1 ; the reader is directed to a recent review for more information and leading references.
1 A number of useful technical documents are available online. are capable of self-accelerating decomposition reactions and must handled with care.
The reader is directed to our web-published guide to handling of peroxides. Work-up (see Figure 1) . Most ozonolysis reactions are followed by a work-up reaction that destroys the ozonide or hydroperoxyacetal intermediates. A brief summary follows.
For more detailed information, the reader is directed to leading references:
Reduction to ketones and aldehydes: Selective reduction to generate aldehydes and ketones has been accomplished with a variety of reagents. 11 Hydroperoxyacetals are far more reactive than ozonides, and reduction is often accomplished with triphenylphosphine, 12 thiourea, 13 dimethyl sulfide.
14 Ozonides can sometimes be reduced using these same reagents but reactions are much slower, and removal of the ozonide should be verified (see "Monitoring") before solutions are concentrated.
15,
Ozonides are nearly always susceptible to rapid reduction by zinc/acetic acid or similar "dissolving metal" systems.
15, 16
Reduction of ozonides or hydroperoxyacetals to alcohols is possible with many common metal hydrides, most often NaBH 4 .
1, 17
"Reduction" via base-promoted fragmentation: Ozonides derived from terminal and 1,1-disubstituted alkenes undergo base-promoted fragmentation under mild conditions (e.g., Et 3 N) to directly furnish aldehydes or ketones. 18 Reductive ozonolysis (no work-up): Aprotic ozonolyses conducted in the presence of Noxides or pyridine directly output anhydrous solutions of ketones and aldehydes without formation of peroxide intermediates; 19, 20 , the products can be directly applied as substrates for C-C bond-forming processes. 21 Ozonolysis in the presence of solubilized water also provides moderate to good yields of ketones and aldehydes.
22
Oxidation: The direct conversion of terminal and 1,2-disubstituted alkenes to carboxylic acids, sometimes described as "oxidative ozonolysis", can through treatment of initial ozonolysis products with hydrogen peroxide or other oxidants.
1,10,23
Heterolytic fragmentations and rearrangements: 1,24 Acylation or sulfonation of hydroperoxyacetals containing an adjacent C-H results in dehydration to esters. 25 Hydroperoxyacetals lacking an adjacent C-H can undergo C-to-O skeletal rearrangements upon acylation (Criegee rearrangement).
26
Homolytic fragmentation: Hydroperoxyacetals and ozonides are both decomposed by Iron salts (typically Fe+2 but sometimes Fe+3) to give "c-1" products through decarbonylation of an initially generated alkoxyl radical. 1, 27 Depending upon conditions, chlorides, bromides, alkenes, or dimeric products can be generated.
Safety issues.
Prior to performing an ozonolysis, experimenters must consider the reactivity and toxicity of ozone, the exothermicity of the reaction, and the potential of the intermediates and products to undergo self-accelerating and dangerously exothermic decomposition reactions. 28 Ozone is highly toxic and negative effects have been associated with long-term exposure to levels of 80 ppb; concentrations in the low ppm range are considered immediately dangerous to life and health. Ozonolyses, which are often highly exothermic reactions conducted in organic solvents under an oxygen-rich atmosphere, are inherently hazardous. 28, 31 The danger of fire has been addressed by removal of headspace oxygen, 32 reaction in flow/microchannel systems, 33 or reaction in nonflammable media. 34 For reactions on a small scale and conducted in low boiling solvents (e.g. CH 2 Cl 2 or CH 3 OH/CH 2 Cl 2 ) generated heat is typically is cancelled out by rapid evaporative cooling. However, reactions at scale and/or in higher-boiling solvents must be careful to avoid temperature rise and the associated self-accelerating decomposition of peroxide intermediates.
1135
As discussed above, it is imperative to avoid formation of liquid or solid ozone. 38 The use of tools to predict the latent energy of unstable organic compounds has been described. 37 The undesired isolation of difficult-to-reduce ozonides be mitigated by reaction inn the presence of methanol to steer reactions towards formation of easily reduced hydroperoxyacetals, 15b, 39 or by use of a reductive" ozonolyses (described earlier).
Acknowledgments: I am grateful to NSF for support of our research on ozonolysis and peroxide chemistry (CHE-0749916, -1057982, -1469414), and to Prof. Paul Royster (UNL Libraries) for assistance with publishing this material. I also want to thank graduate students Alissa Horn and Moriah Locklear for their suggestions on this document.
